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Abstract:  We present a bright, narrowband, portable, quasi-phase-matched 
two-crystal source generating polarization-entangled photon pairs at 809 nm 
and 1555 nm at a maximum rate of 1.2 × 106 s-1 THz-1 mW-1 after coupling 
to single-mode fiber. The quantum channel at 1555 nm and the 
synchronization signal gating the single photon detector are multiplexed in 
the same optical fiber of length 27 km by means of wavelength division 
multiplexers (WDM) having 100 GHz (0.8 nm) spacing between channels. 
This implementation makes quantum communication applications 
compatible with current high-speed optical networks.  
2007 Optical Society of America  
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1. Introduction  
 
Entanglement is a fundamental resource in several quantum communication schemes used for 
quantum-key distribution (QKD) [1,2], teleportation [3] or quantum repeaters [4]. In the case 
of QKD, using pairs of entangled photons allows the exchange of random but yet correlated 
qubits used for the distribution of a cryptographic key between two distant parties (often 
referred to as Alice and Bob). In practical implementations, qubits can be encoded in the 
phase or polarization of single photons, which are entangled in that same degree of freedom. 
      Most sources of entangled photon pairs use spontaneous parametric down-conversion 
(SPDC). In the best known case [5], photon pairs are emitted along two cones with orthogonal 
polarizations. At the intersection of the cones, different polarizations cannot be distinguished 
and the two photons become entangled as a result. Moreover, by utilizing quasi-phase 
matched (QPM) periodically poled (PP) crystals [6] or waveguides [7], collinear emission can 
be achieved more easily to provide much greater overlap in the emission. 
      Besides from a high generation rate, a narrow bandwidth of the emitted pairs is a key 
requirement to increase transmission distance, as it will relax the need for compensating 
chromatic dispersion in the fiber, which otherwise will increase the uncertainty in the photon 
arrival time and thus the noise of the single photon detectors gated for longer times. 
Moreover, bridging the source atop current optical networks requires compatibility with 
Wavelength Division Multiplexing (WDM) environment operating typically with 100 GHz 
(0.8 nm) spacing between channels. 
      Following previous developments by our group in this field [8,9], we built a brighter and 
more narrowband source of polarization-entangled photon pairs based on collinear SPDC in 
two 50 mm long orthogonally oriented, periodically poled crystals. According to simulations 
performed on this source [10], the photon pair generation rate and the bandwidth expected 
with optimal focusing and single-mode emission are proportional to L1/2 and 1/L, respectively, 
where L is the length of each crystal. Assuming optimal focusing, we can therefore only see 
advantages using long crystals. To our knowledge, this is the first time that such long crystals 
are used in this configuration.  
      While one motivation of this work was to test long crystals for the generation of 
narrowband photon-pairs, a second motivation was to distribute those narrowband pairs in a 
WDM environment, in order to test the compatibility of our source with current high-speed 
optical networks. At the same time, WDM provide the means to multiplex in the same optical 
fiber each qubit-encoded photon with the synchronization pulse needed to gate the single 
photon detector at the receiver side (Bob). Multiplexing would naturally limit the cost of 
deploying quantum cryptography, as no dedicated fiber would be needed for the quantum 
channel, which carries an intensity of only -100 dBm average power at 1 Mbps. However, 
about 100 dB isolation will be necessary to avoid cross-talk between the quantum and the 
synchronization channels. As will be shown, a channel spacing as low as 100 GHz (0.8 nm) 
between both channels can be achieved while keeping the required isolation. To the best of 
our knowledge, only one other group worldwide has also reported multiplexing of quantum 
and classical channels with such a narrow spacing [11]. 
      This paper is organized as follows. In section 2, we present the new source used in a 
WDM environment. In section 3, we outline the results obtained when distributing entangled 
pairs over 27 km of standard SMF-28 single mode fiber and in section 4, we discuss future 
developments to increase transmission distance and key transmission rate. 
 2. The source 
 
The portable source (45 cm × 60 cm) owned by Alice is presented in Fig. 1 (left side). The 
main element is the set of two orthogonally-oriented 50 mm-long bulk crystals made of MgO 
doped lithium niobate PPLN:MgO poled with a grating period of 7.5 µm (HC-Photonics). 
Crystals are pumped by a solid state diode laser operating at a wavelength of 532 nm (Cobolt). 
Once filtered from the residual light emitted at around 808 nm (BPF), the pump laser is 
polarized to 45º (HWP) and focused (Lp) such that each photon has an equal probability of 
down-converting either in the first or in the second crystal, respectively generating vertically 
(V) or horizontally (H) polarized photon pairs. The source has collinear emission at the non 
degenerate wavelengths of λs = 809 nm for the signal (remaining at Alice) and λi = 1555 nm 
for the idler (sent to Bob), allowing efficient single-photon detection and low attenuation in 
fibers at telecom wavelength, respectively (wavelength tuning can be achieved by varying the 
temperature of the brass ovens heating the crystals at around 100 ºC).  
      For the pump beam, we estimated a waist at the focus point of 2w0 = 150 µm, giving a 
Rayleigh range z0= πw0
2
/λ of about 72 mm in PPLN:MgO, hence a z0/L ratio of 1.44. For the 
signal and idler beams, we measured a beam divergence 2θ of ca. 9 mrad and 15 mrad 
respectively, leading to beam waists w0= λ/πθ of 110 µm at 809 nm and 130 µm at 1555 nm, 
which gives an average value of 120 µm.  
      After efficient blocking of the pump by a band-stop filter (BSF), signal and idler beams 
are spatially separated on a dichroic mirror (DM), collimated (Ls, Li), filtered from residual 
pump light by means of long-pass filters (LPF) and eventually focused into single-mode fiber 
(SMF) at Alice’s side. Due to the difference in beam divergences at 809 nm and   1555 nm 
after generation in the two crystals, we selected for each arm a collimating lens with a specific 
focal length (fs = 200 mm, fi = 150 mm) such that each collimated beam gets coupled with a 
focusing angle matching the numerical aperture of the fibers (NAs = 0.12,   NAi = 0.13).  
 
 
Fig. 1. Experimental setup. ALICE. Pump arm. LASER, 532 nm 50 mW pump laser; BPF, 
band-pass filter; HWP, half-wave plate;  Lp, pump focusing lens (fp = 150 mm); BSF, 532 nm 
band-stop filter; DM, dichroic mirror. Signal arm. Ls, collimating lens for signal (fs = 200 mm); 
LPF, long-pass filter (Schott RG715); BS, 50/50 beam-splitter; PBS, polarizing beam-splitter; 
SMF, single-mode fiber coupler; APD, Si avalanche photo-detector; DEL, delay generator; 
DFB, distributed-feedback (trigger) laser at 1555.75 nm; CRC, circulator; FBG, Fiber Bragg 
grating. Idler arm. Li, collimating lens for idler (fi = 150 mm); LPF, long-pass filter (Schott 
RG1000); CLC, calcite; PMF, polarization-maintaining fiber (3 meter-long). WDM, 
wavelength division multiplexer. BOB. Synchronization channel. PD, 1GHz InGaAs fiber optic 
photo-detector; TDC, time-discriminator-circuit; CNT, counter. Quantum channel. PC, fiber 
coupled polarization controller. APD, InGaAs avalanche photo-detector. Dashed lines, free-
space; black lines, single-mode fiber; grey line, BNC cable. We use external (electronic) 
triggering (with a BNC cable connecting both single-photon detectors) when measuring the 
performances of the source without the 27 km fiber link.  
 
      Coupling to SMF provides spatial indistinguishability between H and V polarizations 
states and thus allows them to interfere in the diagonal basis, leading to entanglement. The 
resulting state is the Bell-state 
 
| Φφ> = 1⁄√ 2 ( |V(ωs) V(ωi) > + e
iφ |H (ωs) H (ωi) >), ωi + ωs = ωp,              (1) 
 
where ωp, ωs and ωi are the pump, signal and idler frequencies respectively and φ is the total 
phase difference of the two polarization components. 
      The polarization state of the 809 nm photon is measured locally at Alice’s side while the 
1555 nm photon is sent over optical telecom fiber to Bob, who performs his own polarization 
analysis. In the signal arm, the random choice of the two conjugate measurement bases (H/V 
for horizontal/vertical and D/A for diagonal/anti-diagonal) is made passively by a 50/50 
beam-splitter (BS). For each basis, we use a Glan-Thomson prism (PBS) to separate both 
polarizations, with an extra half-wave plate (HWP) in the case of the D/A basis (to rotate D/A 
photons back to H/V before they enter the PBS). In the idler arm (after the fiber link), we use 
only one analyzer made of a PBS, and a motorized HWP for the purpose of recording two-
photon visibility curves. We have also a polarization controller (PC) to align the polarization 
at the output of the fiber with respect to Bob’s analyzer.  
      Chromatic dispersion leads to a group delay difference between signal and idler, for each 
polarization. After passing through (V) and (H) crystal, signal and idler (V) have a difference 
in group delays 11 ps larger than the one between signal and idler (H). Since the estimated 
coherence time of idler (V or H) is about 16 ps, the 11 ps delay between idler (V) and idler 
(H) leads to 75% lower visibility in the D/A basis than in the H/V basis. In order to restore 
indistinguishability, we slow down idler (V) with respect to idler (H) by transmitting them 
through a 25 mm long piece of birefringent calcite crystal (CLC). It introduces ca. 15 ps group 
delay difference between idler (H) and (V). We complemented CLC by a 3 meter-long piece 
of polarization maintaining fiber (PMF), which introduces a group delay difference between 
idler (H) and (V) of -4 ps (slow axis of PMF is aligned with fast axis of  CLC). The reason to 
use PMF is to fine-tune the phase difference φ of the two polarization components. This is 
achieved by applying a (local) mechanical strain on the fiber. 
      Temperature instabilities of the ovens heating the crystals can result in that φ drifts over 
time through the change of refractive index. As φ is also proportional to the crystal length, 
using long crystals imposes a more severe constraint on temperature stability to preserve the 
phase difference and therefore a high visibility in the diagonal basis. With 50 mm long 
crystals, a temperature drift of 0.1º C results in a relative phase shift between signal and idler 
polarizations of the order of π, leading, in the diagonal basis, to uncorrelated signal and idler 
polarizations. To enforce temperature stability to better than 0.1º C, it was sufficient to place 
both thermo-stabilized ovens inside an aluminum box protecting crystals from the airflow in 
the room. 
      On the transmitter side (Alice), we multiplex the quantum channel at 1555 nm with a 
synchronization channel at 1555.75 nm by means of a WDM add/drop module (Oplink). The 
synchronization signal is emitted by a DFB laser, which is triggered upon detection of an   
809 nm photon. Each gating pulse (10 ns wide) is generated by switching off the fast in-built 
electro-absorption modulator keeping the laser at a minimum output power of about -10 dBm. 
The synchronization signal is shifted 50 ns in time behind the single-photon in order to 
minimize cross-talk, which is then caused mainly by fluorescence of the DFB laser at the 
wavelength of the single-photon. We filter this fluorescence from a level of -50 dBm down to 
below -100 dBm by means of a fiber Bragg grating (FBG) and two WDM filters (including 
the one used for multiplexing). This provides 20 and 40 dB attenuation, respectively. On the 
receiver side (Bob), we drop the synchronization signal with two cascaded WDM add/drop 
filters providing 40 dB isolation with the single-photon detector used at Bob’s side. The 
synchronization pulses reflected off Bob’s WDM are detected by a fast (~ 1 GHz) homebuilt 
photodiode (PD) operated right above its sensitivity threshold, around -23 dBm. Each optical 
pulse is converted into a TTL signal used to gate the single-photon detector at Bob’s side.  
      The avalanche photo-detectors (APD) used are four Si-based APD (Perkin Elmer SPCM-
AQR-14) for the signal side (809 nm), having a quantum efficiency ηs = 60 %, and a home-
built InGaAs-APD (Epitaxx) module for the idler side (1555 nm), having ηi = 18 % quantum 
efficiency. The latter is gated with 2.5 ns-long pulses, and to avoid after-pulsing effects it is 
used together with a hold-off circuit, which discards any trigger pulse arriving within 10 µs 
after the detector has been gated, corresponding to the mean lifetime of the trapped carriers in 
the semi-conductor photo-diode. In order to limit the noise of the InGaAs detector, we 
reduced its gate time artificially to discriminate between true counts (well localized in time) 
and dark ones (which occur with a higher probability as the time during which the detector is 
gated is increased). For that purpose, we built a time-discriminator circuit (TDC), which 
registers a count if the two TTL pulses output by the two APD upon (coincident) detection 
overlap. The TDC provides a gain of a few percents in the visibility when the overlap between 
the two TTL pulses is adjusted to be τ ≈ 1.5 ns (corresponding to the new effective gate time 
of the APD). When using TDC, about 20% of coincidence events also get discarded so we 
increase the pump power in order to reach the same coincidence rate as when TDC is not 
used, this time with a higher visibility. As a result, the single count rate at 809 nm is increased 
from 0.8 × 106 s-1 to 1.1 × 106 s-1 when TDC is used. 
 
3. Experimental results 
As shown in Fig. 2, the bandwidth ∆λi of the 1555 nm photons is 0.5 nm FWHM before 
coupling to the WDM filters (those have 0.2 nm flat-top bandwidth and 0.5 nm FWHM). 
Assuming a chromatic dispersion (CD) of 18 ps/nm/km for standard single-mode fiber, one 
could transmit 1555 nm photons over a distance d ≈ 150 km while keeping a chromatic 
dispersion-induced time spread of the photon τCD = CD × ∆λi × d below the gate time              
τ ≈ 1.5 ns of the InGaAs-APD. The signal at 809 nm has an expected bandwidth ∆λs below 
0.15 nm, as derived from the conversion factor between signal and idler bandwidths              
∆λi = (λi / λs)
2
 × ∆λs ≈ 3.7 × ∆λs (this formula can be obtained by writing that both signal and 
idler have the same coherence length, which is proportional to λ2/∆λ). 
 
 
Fig. 2. 1555 nm spectrum for horizontal polarization without conditional gating at 809 nm. 
FWHM  is about 0.5 nm. The background of 0.05 pW is coming from the noise of the detection 
system in the spectrograph (model Agilent 86140B). 
        
      The next three paragraphs present the performances of the source in the three following 
configurations: (i) we pump only one crystal and detect the 1555 nm photons directly after 
SMF coupling at Alice’s side, (ii) we pump two crystals, use a fiber link of length 100 m and 
send the synchronization signal over a separate coaxial cable and (iii) we pump two crystals 
and multiplex both quantum and synchronization channels in the fiber link of length 27 km. 
      (i) We detected photon pairs at a maximum rate Rc = 25 × 10
3 s-1 when pumping one 
crystal only (V) at a power P of around 3 mW. The single count rate at 809 nm was               
Rs = 0.8 × 10
6 s-1, yielding a conditional detection probability Rc / Rs of about  3 % (TDC was 
not used in this particular case as it would lead to bias down our estimate of Rc / Rs). Taking 
into account the quantum efficiency ηi = 18 % of the InGaAs APD, we reach a corrected 
conditional detection probability of 16 %. The difference to an optimal value of around 90 % 
for single-crystal [10] is mostly due to losses arising from the requirement to get a balanced 
fiber in-coupling for both crystal sources in the D/A basis, as well as cumulated losses 
through optical components in the idler arm (mostly BSF and LPF, see Fig. 1). The rate of 
accidental counts, which we measured by random triggering of the InGaAs-APD, was           
Ra = 0.9 × 10
3 s-1, leading to a raw visibility VV = (Rc – Ra)/(Rc + Ra) = 93 % at maximum 
coincidence count rate. Taking into account the quantum efficiency ηs = 60 % and ηi = 18 % of 
the two APD, we estimate that fibers carry photon pairs at a maximum rate                             
Rf  ≈ Rc /(ηsηi) × 1/P × 1/(k ∆λi) ≈ 1.2 × 10
6 s-1 THz-1 mW-1, where k = 0.125 THz nm-1 is the 
conversion factor between nm and THz.  
      (ii) Figure 3 shows the polarization correlations between signal and idler photons with a 
fiber link of length 100 m. Visibility curves were obtained at a pump power of about 4 mW 
per crystal, single count rate of 1.1 × 106 s-1 at 809 nm and only one WDM used with a 
bandwidth of 0.5 nm for 1555 nm photons. In comparison to (i), the coincidences rate Rc 
dropped by a factor of about three, due to WDM coupling / filtering losses and insertion loss 
into the free-space analyzer used at Bob’s side. Raw visibilities for each of the four 
polarization states (H/V and D/A) of the signal were VH = 94 %, VV = 90 %, VD = 87 % and 
VA = 89 %, respectively. The drop in the visibility (from 93 % to 90 % for VV) despite the use 
of TDC is mainly due to non-ideal polarization alignment. Random fluctuations of the 
polarization after 100 m of fiber also affect how stable the visibility remains over time. The 
quantum bit error rate (QBER), given by the averaged ratio Ra / Rc over all four bases, 
amounts to about 5 %.  
 
Fig. 3. Coincidence rate after 100 m of fiber as a function of idler polarization for each of the 4 
polarization states (H/V and D/A) of the signal. 
 
      (iii) Figure 4 shows visibility curves when entanglement is distributed over 27 km of SMF 
fiber (FiberCore). Curves were obtained at a pump power of about 4 mW per crystal, single-
count rate of 1.1 × 106 s-1 at 809 nm and all four WDM filters inserted. The coincidences rate 
dropped to 1.1 × 103 s-1, mainly due to the attenuation by the 27 km fiber link added (-6 dB) 
and insertion losses into the 3 other WDM (-3 dB). Raw visibilities decreased down to         
VH = 85 %, VV = 85 %, VD = 83 % and VA= 85 %, respectively, mainly due to a residual leak 
of the trigger laser into the quantum channel, which could be reduced by using larger channel 
spacing. The moderate drop in the visibility also suggests that polarization fluctuations do not 
increase significantly with longer fiber links. This is supported by [12] up to 100 km of fiber 
at least. From our observations, a quantum key distribution experiment could be run over a 
few minutes without need for active polarization control. The QBER for this measurement 
was about 8 %, still below the 11 % limit allowing secure QKD [13]. 
 
Fig. 4. Coincidence rate after 27 km of fiber as a function of idler polarization for each of the 4 
polarization states (H/V and D/A) of the signal.  
 
4. Conclusions 
 
In this paper, we implemented the use of long periodically-poled crystals to increase the 
brightness and narrow the bandwidth of entangled photon pairs generated by a portable source 
at 809 nm and 1555 nm. With a bandwidth of only 0.5 nm at 1555 nm, photons can be 
transmitted over 150 km of single-mode fiber without the need to compensate for chromatic 
dispersion. Such a narrow bandwidth also allows multiplexing of the quantum and 
synchronization channels in a WDM environment with the attractive prospect of bridging the 
source atop current optical networks without the need for a dedicated fiber carrying the single 
photons. With only 0.8 nm separation between quantum and synchronization channels, we 
detected up to 1.1 × 103 s-1 photon pairs with a raw visibility of 85 % in all measurement bases 
after transmission over 27 km of single mode fiber. With the current isolation of about 100 dB 
achieved between adjacent channels, we expect that the quantum channel could also be 
multiplexed with a classical data channel [14]. Investigation is under way. 
      Long crystals, however, will put strong constraints on the temperature stability of the 
crystals, as temperature variations will affect the refractive indexes, thus the output state phase 
factor and the quality of entanglement. From this point of view, a one-crystal source pumped 
both ways from opposite sides would make the set-up completely insensitive to temperature 
drifts of the heated crystal [15]. However, long term stability of the source will still require 
active control of the polarization, which should need to be monitored every few minutes.  
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